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The rooeat titcrature od tho combined applications of dement GCP, inductively coupled plasma) mass 
apectrometiy and molecular (ESI, dectrospray ionisation and MALDI, matrix assisted laser desorptioo 
ionisation) mass spearometiy iu the life sdences is reviewed. Emphasis is put on investigations where both 
techniques have been used in a synergistic way widi the ahn of an analytical result with molecular spocifidty. 
Multi-dement spedfidty and quantification are the key features of dement MS, whereas molecular weight 
determbatira and structural information zit those contributed by ESI and MALDI MS. The analytical 
applications cover the study of sdendproteins, phosphoproteins, mstalloprotetns, unmodified proteins, 
metaliothionetns, phytocheUitins, nucleic adds, arsenosugars, thyroid hormones, cobalamines, drugs and drug 
metabolites. Supported by on-line or off-line coi;9>]ing to diromatogrupbic or dectrof^oretic separation 
methods, the combined application of element and molecular mass spectrometry in all these studies has created 
the basis for new structural and/or quantitative insights^ demonstiatiog the analytical exceOenoe of this 
approach. 



lotrodDction 

Inducthrdy coupbd plasma mass spectromeuy (ICP-MSX also 
termed dement MS, is an established tool for quantitative 
dement trace analysis and for spedation of dements in 
biological samples. In the last decade, innovative applications 
of ICP-MS coupled to chromatography are accumulating in 
itfe sdenoes projects where this technique is applied in 
combination with molecular MS techniques (ESI and 
MALDI-MS). This emergmg combination of element and 
molecular mass spectrometry opens new possibilities for the 
spotting, identification and quantification of biomolecules with 
previously unknown strticture. Classically, this fidd is often 
referred to as bioinorganic aitalysis. Earlier reviews on this area 
arc focused on methodological aspects, such as the couplmg of 
the various chromatographic methods to lCP'MS/~^ and the 
bulk of appUcatioos is found in the ansa of metal spodation. 

In recent years, an muovative trend can be observed towards 
joint applications of dement and molecular mass spectrometry 
for specific detection and molecular chaiacteiizatiou of 
complex biomolecules containing an ICP-sSetectable element 
(ICP-tag). Another innovative feature in many of these studies 
is the application of ICP-MS for the analysis of metalloid or 
non-metal demcnu. The main constituents of organic mole- 
cule»~-C, H, K and O -can be consideDfid as dements which 
are outside the scope of ICP-MS (hydrogen is not <ktectable 
and analysis of C, N, O requires elaborate dforts, so far 
preventing a routine application). However, all other dements 
of the biosphere can be detected by ICP-MS arid can therefore 
be denominated as ICP-tag. In a number of biooidecules one 
or more of these ICP-mgs are naturally present If desired, they 
can also be introduced intentionally by a suitahb derivutixa- 
lion. This concept opens a spectrum of new analytical options 
and strategies, since these ICP-tags compri.se P, S, Se, Si, O, Br, 
I, As, and all metalSw Bioarudytes must exhibit a certain 
thermodynamic and kinetic stability to be preserved in thdr 
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nadve compodtional and coordtnative structure during their 
chromatographic separation and ibdr molecular detection by 
MS. TheRfore, this approadi is most successful when applied 
to molecules, vi^ich contain thdr ICP-tag bound in a covident 
or covaknt-like form. 

In contiast, metal ioru weakly coordinated to organic 
Uganda so far are difficult to analyze by this methodology/ 
and if results are obtained, their biological impact has to be 
discussed with caution. In addition, ICP-sensitivity covers a 
broad rang^ f.;. P and S a» detected with significantly lower 
sensitivi^ than are metals. 

In spite of these somewhat limiting features, dement and 
molecular mass specjtrometiy represent a truly supplementary 
team of techniques for exploratory analytical tasks in the life 
sciences. To imderline this statement, this review gives 
reference to a collection of recent studies in the life .sciences 
to which both techniques have provided sigxiificant input, 
finally leading to new stnictural or quanittalive insights at the 
molecular krvcL According to this focus, ICP-MS studies 
withom strong reference to individual molecular aspects were 
not corisidered, anu>ng these arc for instance numerous studies 
centered on the spedation of metals in biological samples. This 
lYSview is structured along compound classes, which comprise 
(i) amino adds, peptides and proteins, (ii) nucleotides and 
nuddc adds, (iii) arsenosugars, (iv) small tnomolecules like 
hormones and vitamins and (v) drugs and drug metiibolites. 

I. Amina adds, peptides and proteins 

Sdenium-containiag protdns aod peptides. The recognition 
of sdenium as an essential trace element in human nutrition has 
initiated studies on its chemical forms in food and food supple- 
ments enridied in selenium. The couplmg of SEC- ICP-MS is 
widely used as a first step in these studies, sometimes followed 
by additional separation steps, since in general the purity of the 
sdenium-coutaming fractions after SEC is not suffident for 
mass specOnometric charaacrization. Using this approach Sp- 
conaiim'ng analytes were cfaaracteriapd m human milk,^ garUc, ''^ 
and in yeast extracts.^'^ For instance, m6thylsdenoc>-stdne^ 
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and Y-glutain>i^e-mcthylseleDocy5tciRe' could be idcntiGed as 
the maxD selenium compouDd in gaiik by ESI and HSI-MS/ 
MS. Id the recognition of Se-containing compounds in an ESI- 
MS survey spectrum, the characteristic Se isotope pattern is 
gmiculajly hclpM» consisting of '*Se, ""Se, ''Se, 'V, and 
■^e. For the interpretation of the corresponding ESI-MS/MS 
spectra, the Sc isotopic heterogeneity is also of advantage, since 
MS/MS spectra of the single isotopomeric species can be 
generated. In the set of these spectra, the fragment ions 
containing Sc show a shift related to the Sc isotope present in 
the precursor ion, whereas all other fragment ions show up at a 
constant mts value (see ref. 8). In yenst extracts it could be 
demonstrated that Se b present as seleno- methionine' and Se- 
Bdenosyi.%lenohomocysteine.*''^ In addition, the presence oi 
the selenotrutulfides, selenodiglutathion and selenogUitathion- 
cystcinylglycine*' coidd be demonstrated by nanoESI-MS/ 
MS. Ihtsc structures are simihur to tri.suifides detcribed as 
occurring in cystteine-containing proteins. In the structural 
characteruEution of selenoproteins extracted from selenized 
yeast* and digested by trypsm. the, use of MALDI-MS was 
found to be superior over BSI-MS for the recognition of the 
isotopic pattern of Se<containiug spedes.'^*' which then weic 
siructuFaiiy characterized by ESl-MS/MS. In this way, the 
random incorporatiOD of Se-Met mto two yeast proteins, SIP18 
and HSPt2, was demonstrated with high oovera^ of die 
seleoiumrcontaining peptides.'^ Whereas Se-Mct is ccnsideied 
to be orbitraiily incorporated at any position nonnally 
occupied by Met, Se-Cys is specifically incorporated at 
particular positions of only a few selenoproteins. This process 
is directed by UGA mRNA codoos within an environmeat 
changing thdr standard function as stop codon into a oodon 
for Se-Cys tncarporation.'^ In bumans, three selcDoproteins 
are known, selenoprotein P,*^ £}utathion peroxidase,*' and 
th>TDglobb deiodinase.'' Among these, tlw plasma protein 
selenoprotein P is that with the highest Se content of up to 12 
Se-Cys units.'^ Using a combination of a heparin affinity 
column and a SEC coiunm for two-dimensional chromato- 
graphy in scries, the main two sdenocystdoe containing 
rnx>tcins, sdeuoprotem P and glutathionperoxidase could be 
quaoiitativcly dctcimined by ICP*MS detection of setemum.^ 
Selenoprotein P is bdievod to have redox fhnctions, e.g. in the 
reduction of phospholipid hydroperoxides and possibly has an 
additional function in metal detoxification. The )atr£r idea 
stems from various in vitro observations, including the 
stoiriiiometric interaction with Hg(ii)^' and the possibility to 
.selectiv^ enrich selenoprotein P with a Co(n) chaj^ged IMAC 
column." 

Due to the stable incozporation of Se in Se-Q's, sdenopro- 
tein P isolated irom rat plasma could be characterized by a 
standard analytical proteomics procedure. Such a procedure is 
schematically outlined in Fig. 1. 

In this analysis, three truncated isoforms of selenoprotein P 
were found besides the intact form.^ Since all three fonns 
ended with an amino acid preceding a Se-Cys residue (exactly 
before the 2nd, 3rd, and 7th residue) it was concluded that the 
UGA codons in this subgroup have a dual function, cither 
encoding for the incorporation of Se-Cys or— as normal — 
encoding for cham termination. A somewhat lower chemical 
stability of Se-Cys residues ccmipared to Cys residues under the 
standard analytical proteomics conditions was observed. For 
selenoprotein P, partial loss d* Sellj resulting in dehydroala- 
nine formation was observed under conditions which do not 
affect the stability of normal Cys readues.^"* 

Unmodified proteins. The sulfur-containing amino adds 
cysteine and methionine together exhibit a natural abundance 
of about 4% of all amino acids, so that statistically every 
peptide/protein with more than 25 residues contains at least 
one atom of sulfur. Although there are some proteins which 
hick a C or M residue, the m^ority of proteins do oontahi 




Fig. 1 lypioil strategy fox identificadou of Sc in proteins: the Se- 
oontuiniog high molecnlar weight fraction is sponed by tize-cxdusion 
LC coupled to ICP-MS, this fraction is ooUa;scd Hmt digested by u 
protease. The digest is unatyzed for Se-coaUiiniog peptides by revtfsed- 
phase LC-ICP-MS. Se-coniaioing fracdotts are collected and char- 
acteiized by MALDi-M5 for their molecular ion and by ESI-MS/MS 
for their stniciuiv (eg, ref. 13). 

suUbr. Thus, sulftir can bo considered as a target clement, by 
which unmodified proteins can be detected or quantified using 
ICP-MS. The latter approach has been used in coiipUng to 
capillBry LC for quantification of insulin in a pharmaceutical 
preparation of human insulin.^ The good agreement between 
the certified and the experimentally detsimioed insulin 
conoentiution demonstrated the feasibility of this approach. 

Pbiisphoproteios. Reversible phosphozyJation at serine, 
threonuM and ^xoslne residues is a widespread covalent 
modification ofprotdns« by which many vital oelhUar f uncdons 
am controlled.^ It is estimated that about 1/3 of ail (cellular 
proteins an phosphoryhited. CaptUaiy LC-ICP-MS with 
phosphorus detection provides a specific acoess to phospho- 
peptides and pbosphoprotetns, since phosphorus covalently 
bound to peptides occurs mamly in this form. Separation from 
the ubiquitous inorganic phosphate is achieved by the use of 
reversed phase LC, since inorganic phosphate elutes non- 
retnined with the solvent front With a combination of ICP-MS 
with phosphorus detection and ESI-MS coupled to the same 
capillaiy LC, tryptic phosphopeptides can be recognized and 
identified.^*^ This approach has also been successfully applied 
to the analysis of polo kinases with unknown phosphorylation 
sites.^*^ A direct access to intact (diosphoproteins isolated by 
gel electrophoresis is possible by the use of kiser ablation ICP- 
MS with 31 -P detection, which bias been demonstrated by 
phosphoproteins pr^ssent on blot membranes'^ or in gels.'^ A 
typical procedure is schematically outluied m Fig. 2. 

The quantitative dmractcr of ICP-MS can be used for the 
determination of the degree of pbosphoryhition. When the 
pbosphopeptide/proicin contains at least one Cys or Met 
residue then the ratio of P over S can be determmed. Based on 
the sensitivity (hctors for P and S, the experimental P/S ratio 
can be converted into the stoichiometric P/S ratio and thus mto 
the d^ree of phosphorylation.-'^ " Spectral interferences on 
m/2 31 and iniz 32 were overcome by HR-ICP-MS using 
mediimi resolution (4000).^' In the other approach, quadrupole 
ICP-MS was used to measure the phosphorylation degree of 
phosphoproteins in combination with a dynamic reaction 
celL^ For Airther reduction of polyatomic interferences, sulfur 
and phosphorus were detected as their oxides SO** and PO^ 
generated by ion-molecuJe reactions m this case. The 
mtroductxon of the collision and reaction cell technology has 
expanded ibe applicability of quadrupole instrumeotadon, 




F1gi2 Typicat strategy for analysis of protein pbosphoiyiation. A 
(dwtpboproiriii is isokitcil and digested. The analysis of this digest is 
disjdayed. Reversed phase capillary LC oouplcd to ICP-MS with 
phosphorus detectioo and to ESI-MS is used. Phosphopeptides are 
reoogaizxd in tbc ^'P trace and dvuBCterized by ESI-MS and MS/ 
MS. The latter technique can be peifonned either in the LOMS mode, 
by oauoHSl oT the toed digest or by oanoESl of isolated 
pbospbopeptide fractions. 

since it effects a signiiicanl itjduclioa of polyatomic back- 
ground interference and introduces a new dimension of 
methodological optimization^*^ (selection of coUisioo/ieaction 
gases, of prtssuxe and colfision eneigy). 

MctaSuprotcSos. Proteins frequently contain one or more 
essential toeial ions cooidinaied at their catalytic or fimctional 
6cnta($)Jn addition, tnetal ions involved uaaUostericregulatm 
of protdns may be bound to other sites. Metals are typically 
ooordinatod to histi^ (N), cysteine (S) or caxboxyl fimctioos 
(O). SinoD these mctal-ptotem imcractions sometimes aie labile 
under standaxd analytical oondidons employed for chromato- 
graphy or mass spectrometiy, mwestigation of metsl-containmg 
proteitts raquixGS particulax attention to assure that their native 
compositiott is I'ctained. Sizo-oxdusion chromatography (SEC) 
can be peifomied under fdiysiologieal pH and ionic strength 
without sacrifidng separation power. Moreover, several SEC 
buffers are compatible with direct coupling to ICP-MS. Thus, 
SEC-ICP-MS is an ideal fim stage far element spedation in a 
biolo^M sample. As an cxamj^e, SEC-ICP-MS has been 
applied to the analysis of several metal ions in bovine liver 
standard reference material.'' The major port of many metals 
(Mn, Fe, Cu, Zn, CA) was found to be present in the low 
molecular wd^t region (13 kOa or less), which was ascribed to 
their binding to metallothioaeiu (see below). 

When applied to purified metalioproteins, the use of LC- 
ICP-MS alone (without molecular MS methods) can also lead 
to new, quantitative insights into protein struciuie. One aspect 
b the combination of metal and protein quantification, and the 
other is the quantification of more than one metal In a study of 
two bacterial mctaUoprotcases. an LC-ICP-MS system was set 
up, which provided suffideut sensitivity for detection of a single 
metal ion in a protein and chromatographic conditions could 
be established vnth sufBdcnUy low metal background." Zn 
could be identified as the natural metal in two bacterial 
membrane proteases at the molar ratio of metal/protein of 3 
and 1, respectively. Using the same system, the absence of a 
metal cofactor could be dflmonstrated for another isolated 
bacterial protease.^ 

In a study of recombinant endothelial nitric oxide syntiiasc, 
•rtnrr and iioo svas quantified in the dimcric form of this enzyme. 
The presence of two atoms of heme iron and one atom of zmc 
per subunit was verified.-*' In a suhscqnent functional study 
LC-ICP-MS was used to prove that Zn is neoessaxy for the 



dimstization of this enzyme bat thai it is not fimctionally 
important^ 

MetaOotfaioneines. MetaUothioneins form a superfamily of 
small cysteine-rich proteins with strong coropfexing properties 
for metaks such as Zn, Cu, Cd and various other metals. Ibe 20 
cystdne residues in metallbthioneins can bmd up to 7 bivalent 
meuil ions iu two spatially separated domains via thiolate-like 
coordination. MetaUoihiondns occur in many mammalian 
tissues (in particular liver, kidney and hrain) and arc considerod 
to have essential funcuons in cdhilar transport of essential 
metals such as Zn and Cu as well as for buiding and 
sequestering of toxic meials such as Cd. Since chdr discovoy, 
numerous studies with hyphenated techniques have be^ 
performed^^* including the use of ICP-MS and ESI-MS as 
6nal methods of detccdng the metal part, and ESl-MS for 
detection of the intact metatlothioneiD-metal complexes or of 
the metaOothionein lipmds alone after disintegration of the 
complexes by post-cbromatographic addificatton.^^ The nat- 
ural microheterogeneity of metallothiondn isofonns and sub- 
isofotms is overlaid 1^ the variable pattern of loading with 
different meuils, a situation which makes molecuhir analysis of 
this group of meialloprotdus a challengiug task. As for the 
other examples given above, SEC-ICP-MS is ofkn applied as 
the first step for the purification of metallothxoneins, followed 
by some chromatographic technique with big^ lesolving 
power: HPLC-ICP-MS and HPLOESI-MS were suooessMy 
applied for the characterization of rat liver metallotMondn 
(MT) spedes alter cadmium biomduction.^^'^ In human brain 
tissue, reduced levels of the MT-3 subfmm were found by a 
f rf y q^ InT approach^ and in this case the molecidar identity was 
confirmed among other techniques by suxfaoe-enhanced laser 
desorption ionization-MS (SEtDI-MS), a variant of the 
MALDI-tecfanique. However, the most powerful cbromato- 
graphic separadox» of metallothioneins so far have been 
achieved by direct coupling of CE-ICP-MS.'**'^' The ESI-MS 
analyses in these MT studies were usually performed by low- 
resolution instruments, which sometimes did not allow the 
unambigtious assigmnent of all MT-mcial complexes due to 
the natural hctcrogcndty of MT ligands and the midtiple 
combinations of incorporated metals. High resolu tion ESI-MS 
data are more informathre for these analytical tasks. Thus, this 
situation will improve in paralld to the more frequent 
application of HR-ESI-MS equipment, which is currently 
observed. 

Three studies using only molecular or dement mass 
spectrometry, respectively, for the analysis of MTs will be 
mentioned here in addition, since they highlight a partkndar 
potential of the corresponding techniques. 

(i) In an ESI-MS/MS study noncovalent complexes between 
a Zn-loaded metailothionein and a set of glutathione-relaied 
compounds were analyzed by ESI-MS/MS. A partial transfer 
of In from n^tallothionein to glutathione was only observed 
for oxidized (S-S-linkcd) derivatives,^** a phenomoion which 
might be condated with the function of metallothioneins iu 
cellular Zo-transport 

(ii) A generic, analyto-independent isotope dilution analysis 
was applied in combination with CE-ICP-MS for metailothio- 
nein quantificatipn: The sheath liquid supplied at in the CB- 
ICP interface is spiked with isotopicaUv enriched metals aixi 
isotopk»Uy enriched sulfur ("S or ^^S), Then continuous 
isotope ratio monitoring of the corresponding element isotopes 
is performed with ICP-MS, whereupon the various MT spedes 
are detected by alterations in this isotope ratio, since their 
elution introduces sulfur and meiab with thdr natural isotope 
abundanccs.^*^ In this way, quantification of selected chdated 
metals and of the MT ligands is perfonned separatdy, so that 
both the absolute amounts and the degree of saturation of 
indwidual MT subfomis are accessible. 

{v£) Molecular spnafidty is conferred to ICP-MS by labelUng 



antibodies'witb gold nanoparddes, wfakb results in a stable- 
isotope immttDoassay with a sensithriiy companible to the 
dassical redia-iiimiittioassay.^'^ 

Phytochelatins are small cysuan^ontaininj} oietal-biDdiDg 
peptides, by which plants r^ulaia their matal homeostasis, 
fiiosyuthedcidly, they arc derived irom ghitathione and exhilai 
the core compositiott of (T-Glu-Cys)^ . V7 with different end 
groups. FoUowing Cd-ioduction, phyiochehitin-<^ complexes 
were recognized by LC-ICF-MS^' and the phytocfadatiu part 
or these complexes was characterizod by ESI-MS and MS/ 
MS.^^ Intact phytochclatiD-metal coxnplexes have not yet 
been detected due to their low stability under standard 
efectrospray conditions, nevertheless, ESI-MS and tandem 
MS studies so far have greatly contributed to unravel the 
molecular microheterogeneity of plant phytodidadns. 



2. Nadeic adds 

Id the quantitative analysis of covaleot nucldc acid adducts 
with mutagenic agents* a principle problem is the quantification 
of so far uncharacterized producu. This problem has been 
solved for the quantitative estimation of styrcue oxide adducts 
to nucleotides via their analysis by LOICP-MS with phos- 
phorus detection.^ DNA was covalcntly modified, hydrol>:zed 
and the mouomers analyzed by LC-ICP-MS. Covalcntly 
modified monomcric units were spotted and quantified by 
ICP-MS, For these DNA ndducts, comparison with parallel 
investigations by LC-EST-MS revealed a relatively uniform 
eleciTospray ioDiziilinn efBdency. Adducts of the anticancer 
drug ctsplntin uith mononucleotides were also studied by LC- 
ICP-MS.*' In this study the covalently modified reaction 
products could be spotted and quantified by simultaneous 
detection of phosphorus and platinum. Investigations by ESI- 
MS were conducted on selected adducts of dsplatin with 
selected dinudeotides,^ showing that these intact meial- 
organic compounds can \?g detected intact and that the 
corresponding ESI-MS/MS spectra give ins^t mto tbdr 
oovalent structurt. 



3. Arsenosngars 

Arsenic is occurring in the marine covirooment and iu 
marine organisms in inorganic form (lumdte/arsenate) and 
in viuious organic forms, including methylated arsenic spedes, 
such as dimeth^rsinic add, quatemized species sucb as 
ursenochoUne/arsenobetaine and a variety of arsenoribosides 
sumTDurized under tbe term of arsenosugars (e.g. ref, 59). 
In these ribosides, aisoiic is located at die position of the 
5-hydroxy group of ribose. This dass of compounds has 
been carcfuUy investigated both by LOICP, LC-ESl-MS and 
ESI-MS/MS. With ESI-MS both molecular, structural 
and sometimes also element information can be obtained, 
since the arsenosugars give abundant molecular ion signals 
in ESI, structurally significant fragment ions upon CID 
indudc an As* fragnsnit signal at miz 75.*° This fragmeut 
ion seems to be absent in normal product ion spectra of 
arsenosugars,^ but was observed following collisional activa- 
don in the ion transfer region.^' Both dement and molecular 
ion information by ESI MS was demonstrated also for 
orgonotin compounds.^ These findings highlight the *dual 
mode* analydcal potential of BSI, provided dedicated instru- 
mental conditions are established. Neverthdess, in the majority 
of studies on arsenosugars, ICP-MS was used for As detection 
and quantification. These studies refer to the detection and 
structural assigimieut of ai^scnosugars in kdp,^^^ algae,^*^ and 
seaweed,*"' as well as in urine fincm sheep"° and humans^* 
following ingestion of arsenosugars. In tlie application to 
arsenosugars the analytical strategy has repeatedly proven its 
capability for detection and structural charBCtecization of novel 



metabolites. A selenium-contnintDg bexose ^-as also identified 
by a similar strategy.^' 

4* HonnaBes and vitamins 

niyndd bonnones. Tbyro^obulinistheonlyiodine-oontain- 
ing protein in htnnaos and it contains monoiodo-tyipsine, 
diiodotyrosine and the diyroid hoimooes triiodothyronine fr3) 
and thyroxine (14), LC-ICP-MS with iodine detection has been 
used for sepamtion and detection of these iodo amino adds 
follQwing proteolysis of tbyroglobulin.^ PUsma kveb of T3, 
rT3 (utomeric form of T3), and T4 have been quantified by CE- 
ICP-MS,''^ indudiog the thyroid hormones in human serum.^^ 
Joint applications of ESI and ICP-MS in this field are confined 
to methodologica] studies,^^ since reference compounds for 
thyroid hormones are readily availahle, which enable a reliable 
identification to be performed by chromatographic, teicnuon 
times. For iodine^ ^I-MS can provide dement infonnaoon, 
e.g, by detection of the I' ion at miz 126.9. However, as is the 
case for Se and As, the sensitivity for detection of iodine by 
ICP-MS is substantially higher than that observed for F^I-MS 
in the 'dement mode'.^ 

GobaH. Cobalt is an essential trace dement By SFXMCP- 
MS ana^^ of liver protdns for Co, a single narrow peak is 
observed.'^ In low molecular weight fractions cobalt is mainly 
part of vitamin D|2 and related substances, the oobalamines. 
CE-ICP-MS with Co detection has been used for separation of 
oobalamines and the investigation of vitamin supplements 
containing vitamin B|2.^ ESI-MS is capable of detecting 
molecular ton signals for labile molecules sucb as adenos^oo- 
balamin or cyanocobalamin and was found to be hdpful iu 
establishiog LC separation conditions for cobalamins free of 
artifact peaks.^ 

S. Dmgs and drag metabolites 

Metabolic and pharmacokinetic studies of drugs require 
sensitive and robust methods, among vi/hich ICP-MS is 
attracting increasmg attention, since a variety of drugs oontaiu 
ICP-detectable elements, such as chlorine, bromine, iodine, 
sulfur, phosphorus or covalendy bound metals. Moreover, 
unknown compounds may also be quantified by ICP-MS on 
the basis of such an 'elcmcDt tJig^ in case the stoichiometry of its 
presence can be verified. For this task ESI-MS spectra can 
provide valuable data. For investigations on tbe me^oUc fate 
of 4-bromoanaliDe^'^' and of a bromo-acetanitide^ derivative 
in rats, LC-ICP- and LCF^I-^iS have been successfully used 
in combination. Also, the metabolic infiucncc of human and rat 
plasma on brominaced bradykinin was studied in an zh vitro 
assay by the same methodology.*^' The natural isocopic doublet 
of HBr and ^'Br is particulariy beneficial for the spotting of Br- 
oontaining metabolites in the corresponding ESI-MS spectra. 
Quantification of the chlorine-containing drugs didolcnac and 
chlorpromazine on the basis of ^^Q detection was shown to be 
bdependent of the solvent composition in gradient LC-ICP- 
MS,^ and simultaneous detection of '^Q and ^S alb^ the 
quantitative <fetection of sulfur-containing metabolites such as 
a sulfate ester and an ^-acetyl-cystemyi conjugate.'^ Su)fur*32 
was also demonstrated to be appropriate for the determination 
of impurities in a drug preparation at a levd below O.l?^.*^ The 
innovative potential of ICP-MS in metallodrug studies was 
demonstrated in two different ways. (1) In a study of a **C 
labelled organoplatinum drug. Pt and '*C were simultaneously 
monitored by ICP-MS.^ .Monitoring of "C by its mass mstead 
of its radioactive decay is a new way to gain msight into the. 
integrity of the organic part of the drug. (2) In a study of 
metallodfug^protein interactions with Ru- and Pt-containing 
drugs, these dements were monitored in combinadon with size- 
cxdusion chromatography to study their hioding kinetics to 



hunuitj scrum pxoieiiw'* FinaUy, first oUcrapts on the 
quantitative detection of phospbolipidfl by phoscpborusOl 
detection ba>*e been reported within an azttclc sammaiizing 
pharniaceutkal applkations of element mass spectrometiy.'^ 

Quaotitative aspects 

The sensitivity of the core analytical tecbnicfues reviewed here, 
LOMS either iu the ICP-MS or ESI-MS mode» is defined by 
the signal-to-ooise ratio of an analyte in its corresponding 
transtent chromaiographtc peak. The main factors governing 
the sensitivity are the recovery of the analytes tiom tbe LC 
cohunn, the MS ionization efficiency and the background 
signal level Biomolecnles show nonspiBcific absorption on all 
types of chroQiatographic rrwirriah used for separation in 
liquid chromatography, ao effect which nsuatly is corrected by 
co-injection of an appropriate internal standard and the 
recording of calibration curves. 

The signal response in ESI-MS is strongly dependent on the 
chemical nature of the analyte and of the soNrat Due to the 
pronounced dependency of the signal intensity on analyte and 
matrix, quantitative results with ESI require the presence of an 
internal standand for each analyte, such as an isotopically 
labelled analogue or a homologous compound. The requiro- 
ments of qiiantitativc measurements by MALDI-MS are 
similarly strict. Background signab normally arc not limiting 
the sensitivity in the detection of biomolecules by MS, due to 
the spedfbity of the relatively high molecular weight of the 
individuai analytes ( > 500 Da). 

The ionization efficiency in ICP-MS for the metals at one 
side and 5emi- or non-metallic elements on ihe other, varies 
between one and two orders of magnitude. The \'ariation in 
corresponding detection Innits is much Uu-ger. This is mainly 
caused by the much higher background for some nonmetallic 
elements, for instance P and S, compared to the exiremdy low 
background for some metals, for instance of the bnthanides. 
Quantitative measurements by LOICP-MS require attention 
mainly with respect to the matrix. In conurast, the chemical 
nature of individual analytes on tbe signal intensity is of minor 
imponance, so that usually a sing^ standard can be used as 
generic reference for a whole class of analytes. 

For most applications reviewed here em|dioying both clement 
and moiecuiar mass spectrometry, detection limits are typically 
in Uie range of 0.1-10 pmol (duting from the LC column). 
Depending on the particular apj^cation, either IC? or ESI/ 
MALDI may show more favourable detection limits. For 
instance, for the detection of Umihanidcs LC-ICP-MS will 
provide the lower detection Umits, and for tbe deiectioo of 
haiogenatod biomolecules, ESI-MS will probably be more 
sensitive. As demonstrated in the reviewed studies, the 
sensitivity ranges of both approaches exhibit a broad overlap 
allowing their combmed application to a palette of probiems. 

Summary and outlook 

In view of the numerous recent articles on the combined 
application of deoient and molecular mass spectrometiy 
referenced here one can conclude that an active 6eld of 
research is identified. The high level of analytical excellence 
achieved may trigger the development of dedicated instruments 
to further improve the nnpact of this combined approach. A 
simple variant woukl be a set-up optimized for simultaneous 
analysis of ao LOehiate by ICP- and ESI-MS. Laser ablation 
ICP-MS or secondary ion mass spectrometry (SIMS) can 
provide mass-spodfic surface images based on dement ions 
(ICP, SIMS) or molecular fragment ious (SIMS), and in fact 
they are emerging as auractivc toob for the chanicumzation of 
tissue slioBS or for Uie read-out of microarrays and of chromato- 
graphic or dectrophoretic systems. Hybrid clement/molecular 



mass spectrometers, if dcvdopcd, ^x»uld offer a significant 
improvement in analysis speed and probably also in sensitivity 
over current instrumentation. It appears possible that the 
traditionally separated devdopment and application of element 
and molecular mass spectrbnietry may be overcome in view of 
the current stimulating results. The implementation of both 
capabilities into one instrument would fit perfectly to the 
analytical demands in the life scicnocs^ since the smdy of the 
principles and phcDometui of life requires an interdisci pl inary 
approach. 
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